Introduction
In the past few decades, the natural convection heat transfer in cavities has been received several attentions due to its industrial and environmental applications [1] . The heat transfer for the traditional fluids such as water, oil or ethylene glycol is enhanced by adding nanofluids. The nanofluid can enhance the heat transfer because it consisting nanoparticles with high thermal conductivity (e.g., Al2O3, Cu or TiO2). The term of the nanofluid was introduced by Choi in 1995 [2] . In the recent studies, several nanofluid models have been examined for estimating their heat transfer enhancement [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . From the previous investigations [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] , it is found that the nanofluids yield an effective enhancement in the heat transfer compared to base fluids with a low thermal conductivity (e.g., water, oil or ethylene glycol).
On the other hand, there are numerous studies related to the problem of the natural convection inside complex cavities due to its engineering applications. The applications include the manufactory of the cooling systems for microelectronic devices and underground cable systems. Adjlout et al. [31] studied the effect of a hot wavy wall on the natural convection in an inclined cavity. Misirlioglu et al. [32] investigated numerically, using the Galerkin Finite Element Method (FEM), the free convection inside bent-wavy cavity saturated with a porous medium. Das and Mahmud [33] studied the thermal and hydrodynamic fluid behaviors inside wavy cavity. Raizah et al. [34] studied the natural convection flow in inclined open shallow cavities for a power-law non-Newtonian nanofluid. In addition, Aly et al. [35] investigated the effects of the wavy nanofluid/porous interface on the mixed convection of nanofluid -filled a double lid-driven cavity. Mahmud et al. [36] presented a numerical investigation of natural convection in an enclosure bounded by two isothermal wavy walls and two adiabatic straight walls. Oztop et al. [37] studied the convective heat transfer in wavy-walled enclosures under the effects of the volumetric heat sources. Ahmed et al. [38] studied numerically MHD mixed thermo-bio convection in porous cavity filled by oxytactic microorganism. Nagarajan et al. [39] investigated the effects of presence thin heater on MHD mixed convective flow and heat transfer for nanofluid-filled porous enclosure.
In the recent years, Aroon et al. [40] summarized the convective flow and heat transfer from wavy surfaces for viscous fluids, porous media, and nanofluids in heat transfer devices. Sheremet et al. [41] studied the effects of sinusoidal temperature for side walls on natural convection in a wavy porous cavity filled with a nanofluid. In addition, Sheremet et al. [42] investigated the effects of thermal dispersion on free convection in a porous cavity filled with a nanofluid using Buongiorno's mathematical model. Sheremet et al. [43] modelled the free convection in an inclined wavy enclosure filled with a Cu-water nanofluid including isothermal heater at the corner. In addition, Sheremet et al. [44] studied the entropy generation in natural convection of nanofluid filled-wavy cavity. Hamid and Alireza [45] used the lattice Boltzmann method to investigate the hybrid nanofluid inside an open wavy cavity under the effects of a uniform magnetic field. Sheikholeslami et al. [46] applied finite element method to report the effects of V shaped fin angle on the copper oxide nanoparticles. In addition, Sheikholeslami [47] adopted a new recent method CVFEM to study the nanofluid MHD flow through complex shape of porous cavity. Sheikholeslami and his co-authors [22, [48] [49] [50] [51] [52] introduced nice studies by applying innovative numerical method for the MHD nanofluid on complex cavities shapes under the effects of several physical circumstances and conditions. Javaherdeh et al. [53] introduced a numerical analysis for the natural convection in a wavy cavity filled with CuO/water nanofluid. In their model, one of the sinusoidal walls is maintained at the volatile high temperature and the opposite wavy wall is at a stable low temperature. For our knowledge, there are few studies related to the fluids with dispersed nanoparticles in a partitioned cavity [19, [54] [55] [56] . Moreover, there are no published studies related to the effect of the porous layers on the wavy cavity filled with the nanoparticles. Hence, the aim of this study is to investigate the enhancement heat transfer in nanofluid filled-wavy cavity saturated with a partially layered porous medium. The vertical walls of the cavity are taken as complex wavy geometries. The horizontal walls of the cavity are flat with insulated temperature. The complex wavy cavity is filled with a nanofluid and the upper half of the wavy cavity is saturated with the porous medium. The governing equations are formulated for the natural convection under the Boussinesq approximation in various regimes including pure-fluid, nanofluid, and porous medium. The effects of the geometric parameters of the wavy surface including amplitude ratio of the wavy surface and amplitude of the wavy surface 1 on the fluid flows, heat transfer and nanoparticles volume fraction were investigated. The effects of the Rayleigh number, Darcy number, and nanofluid parameters on the overall heat transfer of nanofluid were also investigated. From the current investigation, the geometry parameters of the wavy surface have clear effects on the heat transfer improvement. Then, these parameters provide a useful insight for enhancing heat transfer in two separate layers of nanofluid and porous medium inside complex-wavy cavity. Overall, the results showed that the nanofluid parameters enhance the convection heat transfer and the obtained results provide a useful insight for enhancing heat transfer in nanofluid and porous medium layers inside the complex-wavy cavity.  The height of the enclosure is mentioned by while the length of nanofluid layer is S.  The inclination angle is denoted by and the gravity acts in the normal direction.  The left wavy wall of the enclosure is described by following dimensionless equations  The Joule heating, viscous dissipation and radiation effects are ignored.
Model description
1 ( ) = 1 [sin ( 2 ) + sin ( 4 )], 2 ( ) = 1 + 1 [sin ( 2 ) + sin ( 4 )]
Mathematical analysis
Taking into account all the above assumptions, the continuity, momentum, energy and nanoparticles volume fraction equations (in vorticity-stream function formula) are expressed as ( [19, 35, 57] ):
In the above equations, = { 0 in nanofluid layer = 1 1 in porous layer 0 < < 1 is a binary parameter to combine the dimensionless equations for the fluid layer and the porous layer in one system and
are Prandtl number, the Rayleigh number, the Darcy number, the buoyancy ratio, the dimensionless Brownian motion parameter, the dimensionless thermophoresis parameter, the Lewis number, the thermal conductivity ratio and the ratio between the heat capacitances. In addition, the following dimensionless quantities are used to transform the governing equations to dimensionless form: 
The appropriate boundary conditions are:
On the left wall = 1 ( ):
On the right wall = 2 ( ):
On the bottom wall = 0:
On the top wall = :
The local Nusselt and Sherwood numbers at the wavy walls are defined as:
The average Nusselt and Sherwood numbers are, also, expressed as:
Numerical solution
The first step in solving the system of equations (1)- (4) is mapping the physical coordinates ( , ) to the rectangular coordinates (ξ, η). To satisfy this objective, the new independent variables ξ and η are introduced:
Substituting Eq. (11) into the governing Eqs. (1)-(4), the following system is obtained: 
Present Results
Cho et al. [58] .
Figure 2. Comparison of the present results and those obtained by Cho et al. [58]
The dimensionless boundary conditions are converted to: 
The local Nusselt and Sherwood numbers at the side walls are defined as:
Secondly, the fully implicit finite volume method is applied to solve the resulting system (12)-(15) subjected to the boundary conditions (16) . The central differences scheme is used to approximate the first and second derivatives. However, the time derivatives are approximated using the backward scheme. The alternate difference implicit (ADI) scheme is applied to solve the resulting algebraic system. In-house code written in Fortran 90 (programming language) for implicit finite volume method was used during this study. The grid size (121 × 121) is selected after producing a gridindependent study (Table 1) while the time step ∆ = 10 −4 is used for all computations. For convergence to the steady state it is assumed that for any dependent variable :
In order to check the accuracy of the present results, comparisons with previously published results are performed and presented in Fig. 2 . It is observed that there are very good agreements between the present results and those obtained by Cho et al. [58] . In addition, in order to choose the suitable grid for these calculations, a numerical test by using several grids started from [ 
Results and discussion
In this section, the simulations of the natural convection for a nanofluid filled-complex wavy cavity saturated with a partially layred porous medium. The non-dimensional parameters were assigned as follows: Rayleigh number -Effects of Rayleigh number Fig. 3 shows the effect of Rayleigh number on the streamlines, isotherms, nanoparticles volume fraction. Generally, at higher Rayleigh numbers (stronger buoyancy force), the natural convection inside the wavy cavity becomes stronger and the convective transport is enhanced. In the current investigation, Fig. 3 shows the increase on the streamlines intensity according to an increase on the Rayleigh number from = 10 3 to 10 5 . Also, as the Rayleigh number increases then the the streamlines are highly penetrate through the porous structurs, which are located on the top part of the wavy cavity. The isotherms are transformed from the vertical distributions (conduction regime) to the stratified patterns (convection regime) with increasing Ra number. Also, the nanoparticles volume fractions are changed from the purely vertical lines along the wavy cavity to the stratified patterns. As a result, the local Nusselt number and local Sherwood number ℎ along the hot wavy-wall also depend on the values of the Rayleigh number, as shown in Fig. 4 . Both of the local Nusselt number and local Sherwood number ℎ are increase according to the increase on the Rayleigh number especially at the lower region of the hot wavy cavity due to larger gradients of the temperature and nanoparticles volume fraction at this region. -Effects of Darcy number -Effects of nanofluid parameters Figs. 7, 8 and 9 show the effects of the thermophoresis parameter , nanofluid buoyancy ratio , and Brownian motion parameter on the streamlines, isotherms, and nanoparticles volume fraction, respectively. As the thermophoresis parameter increases from 0.1 to 0.5, then the streamlines and isotherms have a slight enhancement in their strengths. While, the nanoparticles volume fraction lines were affected clearly by increasing the thermophoresis parameter. The patterns of the nanoparticles volume fraction are change to almost parallel distributions along the horizontal lines. As the buoyancy ratio increases from 0.1 to 0.5, then the penetration of the streamlines across the porous layer decreases. The isothermal lines have a slight change according to variations on the buoyancy ratio . The nanoparticles volume fraction change their patterns at the center of the wavy cavity from the wide circulation to small circulation. The Brownian motion parameter has also a slight effect on the streamlines and isotherms. The variation on the Brownian motion parameter varies the distributions of the nanoparticles volume fractions patters across the wavy cavity. In addition, the variations of the local Nusselt number and local Sherwood number ℎ along the hot wavy-wall under the effects of the thermophoresis parameter , nanofluid buoyancy ratio , and Brownian motion parameter have been introduced in Figs. 10-12 . The profiles of the local Nusselt number are decrease according to an increase on the thermophoresis parameter , nanofluid buoyancy ratio , and Brownian motion parameter . The local Sherwood number ℎ increases as the thermophoresis parameter and Brownian motion parameter increase, while it decreases as the nanofluid buoyancy ratio increases. The denser circulations with intensified flows were generated on the nanofluid layer, which strengthen Fig. 14 depicts the effects of 1 and on the streamlines, isotherms, and nanoparticles volume fraction. From this figure, the patterns of the streamlines, isotherms, and nanoparticles volume fraction are strongly dependent on the amplitude ratio (i.e., waveform) of the complex-wavy surface. At 1 = 0.50 , = 1 2.5 ⁄ , the streamlines are denser on the nanofluid layer and are still penetrate through the porous layer. And when 1 = 0.470 , = 2.5 1 ⁄ , the streamlines generate three main separate circulations along the wavy surface. The denser circulation occur on the nanofluid layer and the lighter one occur on the porous layer. While at 1 = 0.670 , = 0.0, only two circulations of the streamlines are formed on the wavy surface with denser one on the nanofluid layer and lighter on the porous layer. In addition, it is seen that, the different waveforms induce different flow patterns of the isotherms and nanoparticles volume fraction distributions. Fig. 15 illustrates the profiles of the local Nusselt number and the local Sherwood number ℎ under the effects of different values of . The local Nusselt number decreases as the inclination angle increases from 0 0 to 90 0 at the lower region of the wavy cavity, while it increases at the crest region of the wavy cavity. In addition, the local Sherwood number ℎ has similar tendencies as it decreases as the inclination angle increases at the lower region of the wavy cavity and it increases at the crest region of the wavy cavity. 
Conclusion
A computational study has been performed on the natural convection in a nanofluid-filled inclined wavy cavity saturated with a partially layered porous medium. The complex wavy cavity is filled with a nanofluid and the upper half of the wavy cavity is saturated with porous medium. The obtained results have led to the following concluding points:
 At higher Rayleigh numbers (stronger buoyancy force), the convection inside the wavy cavity becomes stronger with more penetrations of nanofluid through the porous layer.  At higher Darcy number (higher permeability of the porous media), the nanofluid penetrate more through the porous layer.  The local Nusselt number decreases as the thermophoresis parameter , nanofluid buoyancy ratio , and Brownian motion parameter are increase.  The local Sherwood number ℎ increases, as both of the thermophoresis parameter and Brownian motion parameter are increase, while it decreases as the nanofluid buoyancy ratio increases.  The stream, isothermal, and nanoparticles volume fraction lines are strongly affected by the geomtry parameters of the wavy cavity. 
